The eyes absent 1 protein (Eya1) plays an essential role in the development of various organs in both invertebrates and vertebrates. Mutations in the human EYA1 gene are linked to BOR (branchio-oto-renal) syndrome, characterized by kidney defects, hearing loss, and branchial arch anomalies. For a better understanding of Eya1's function, we have set out to identify new Eya1-interacting proteins. Here we report the identification of the related proteins Sipl1 (Shank-interacting protein-like 1) and Rbck1 (RBCC protein interacting with PKC1) as novel interaction partners of Eya1. We confirmed the interactions by glutathione S-transferase (GST) pulldown analysis and coimmunoprecipitation. A first mechanistic insight is provided by the demonstration that Sipl1 and Rbck1 enhance the function of Eya proteins to act as coactivators for the Six transcription factors. Using reverse transcriptase PCR (RT-PCR) and in situ hybridization, we show that Sipl1 and Rbck1 are coexpressed with Eya1 in several organs during embryogenesis of both the mouse and zebrafish. By morpholino-mediated knockdown, we demonstrate that the Sipl1 and Rbck1 orthologs are involved in different aspects of zebrafish development. In particular, knockdown of one Sipl1 ortholog as well as one Rbck1 ortholog led to a BOR syndrome-like phenotype, with characteristic defects in ear and branchial arch formation.
The human EYA1 gene is an ortholog of the fruit fly eyes absent gene (eya), which was identified as a regulator of compound eye development. In contrast to the single eya gene found in Drosophila melanogaster, mammals possess four Eya paralogs, designated Eya1-4. The respective gene products are characterized by a C-terminal domain called the Eya domain, which is conserved in both length (271 to 274 amino acids [aa] ) and sequence. The Eya domain has an intrinsic phosphatase activity (24, 39, 53) and is required for protein-protein interactions (38) . Recent studies provided evidence that the phosphatase function of Eya is involved in the innate immune system and the regulation of DNA damage response (8, 35) . Interestingly, all Eya interaction partners that have been identified so far, for example, the Six and Dach proteins or inhibitory G protein ␣ (G␣) subunits, bind to the Eya domain (5, 10, 34) . It has been demonstrated that the cooperative action of Eya and Six is essential for the development of several tissues and organs in a variety of species throughout evolution (reviewed in reference 6). In vertebrates, Six induces nuclear translocation of Eya and recruitment to the DNA, and Eya enhances Six-mediated activation of target gene expression (34) .
The N termini of Eya proteins, which are highly divergent between Eya family members, harbor a proline-serine-threonine (PST)-rich transactivation domain, which is indispensable for their function as coactivators of transcription (31, 45, 50, 58) . Natural target genes of the vertebrate Eya-Six complex are, for example, Six2, Sall1, and Myogenin. Activation of Six2 and Sall1 expression has been shown to be essential for proper kidney development in the mouse, whereas activation of Myogenin is required for muscle development (3, 4, 46) .
Mutations in the human EYA1 gene are associated with several congenital disorders, like BOR (branchio-oto-renal) and BO (branchio-oto) syndrome, as well as ocular defects. BOR syndrome patients suffer from severe malformations of the ears, the branchial arch derivatives, and the kidneys, while in BO syndrome patients, the kidneys are not affected (11, 12, 30) . The physiological importance of Eya1 was underlined by knockout studies in mice. It was shown that the phenotype of Eya1-heterozygous mice resembles the characteristic symptoms of human patients suffering from BOR syndrome with renal abnormalities, including hypoplasia and unilateral agenesis, and conductive hearing loss. In contrast, Eya1 homozygote mice die at birth, showing severe craniofacial and skeletal defects and the complete absence of the thymus, parathyroid glands, ears, and kidneys due to defective inductive tissue interactions (57, 59) . Interestingly, similar to EYA1, the paralogous EYA4 gene has also been demonstrated to be associated with human disease. EYA4 is most closely related to EYA1 rather than EYA2 and EYA3. Mutations in EYA4 have been linked to cardiomyopathy and hearing loss (37, 42, 55) . In contrast, there is no evidence for the existence of diseaseassociated mutations in EYA2 and EYA3 up to now.
The identification and characterization of an Eya1 ortholog in zebrafish revealed a remarkable conservation in both the structure and expression pattern between Eya1 genes in fish and humans. In zebrafish, eya1 expression was detected in several organs during embryogenesis, such as the ears, the lateral line organ, the branchial arches, and the somites (41) . As in mammals, eya1 in zebrafish is essential for the development of several tissues and organs. A quite well-studied example is the zebrafish ear, whose proper formation depends on eya1 expression, as shown by morpholino-mediated knockdown analysis (23) .
Since Eya1 is involved in the development of many different organs, we proposed that additional factors bind to it and, thereby, modulate its function. Using a yeast two-hybrid-based approach, we identified the related proteins Sipl1 (Shank-interacting protein-like 1) and Rbck1 (RBCC protein interacting with PKC1) as so-far-unknown Eya1 interaction partners. We characterized the interactions and demonstrated that both Sipl1 and Rbck1 enhance the function of Eya proteins to act as coactivators for the Six transcription factors. Furthermore, we showed that Sipl1 and Rbck1 are coexpressed with Eya1 in several organs during embryogenesis of both the mouse and zebrafish. Importantly, the morpholino-mediated knockdown of Sipl1 and Rbck1 orthologs in zebrafish led to a BOR syndrome-like phenotype, indicating the relevance of the Eya1-Sipl1/Rbck1 interaction in vivo.
MATERIALS AND METHODS
Expression constructs and antibodies. The full-length cDNAs of Sipl1 and Rbck1 were purchased from the ATCC (GenBank accession numbers BC016203 for Sipl1 and BC034555 for Rbck1). Mammalian expression constructs for mouse Flag-Sipl1 and Flag-Rbck1 as well as bacterial expression constructs for glutathione S-transferase (GST)-Sipl1 and GST-Rbck1 were generated by cloning of the full-length cDNAs into pcDNA3.1-Flag and pGEX-KG (15), respectively. Mammalian expression constructs for mouse Eya1, Eya2, and Eya3 (pHM6-Eya1, -Eya2, -Eya3) were generous gifts from Kyoshi Kawakami. Yeast expression constructs for Eya1, Eya2, and Eya3 were obtained by PCR amplification of the respective cDNA fragments and subsequent cloning into pGBT9 for interaction assays or pGBKT7 for expression analysis. Similarly, Sipl1 and its deletion fragments were introduced into the yeast expression vector pGADT7. Yeast expression constructs for mouse Eya4 were kindly provided by Richard J. H. Smith, and the plasmids pGL3-MEF3/TATA, pGL3-TATA, and pCR3-Six4 used for luciferase reporter assays were provided by Pascal Maire.
Mouse monoclonal anti-Flag M2 (Sigma), anti-HA 6E2 and anti-c-Myc 9B11 (Cell Signaling), and anti-␤-actin (ab8224; Abcam) antibodies were purchased from the indicated manufacturers. The hybridoma cell line for production of the mouse monoclonal antihemagglutinin (anti-HA) 12CA5 antibody was obtained from Ed Harlow.
Yeast two-hybrid analysis. Yeast two-hybrid screens were performed according to the manufacturer's instructions (Clontech). Briefly, the DNA fragment encoding the C terminus of murine Eya1 (aa 291 to 591) was PCR amplified and ligated into the bait vector pGBT9. The resultant plasmid was used to transform the yeast strain KFY1 (generated by Thomas Munder, Jena, Germany), which was then mated to the yeast strain Y187 pretransformed with a cDNA library of an 11-day-old mouse embryo (Clontech). About 2 ϫ 10 6 clones were screened for activity of the reporter genes HIS3 and lacZ by growth on selection medium lacking histidine and colony-lift filter assay, respectively. Positive clones were subjected to plasmid rescue to isolate the prey plasmid (18) and confirmed by retransformation into S. cerevisiae KFY1 together with the bait plasmid.
To assess the strength of a protein-protein interaction, the yeast strain KFY1 was cotransformed with the indicated bait and prey plasmids. Colonies were analyzed by quantitative ␤-galactosidase (␤-Gal) liquid assay, according to the Clontech protocol. Expression of the constructs used for the ␤-Gal liquid assay was confirmed by yeast protein extraction as described previously (27) .
In vitro transcription/translation and GST pulldown assays. Full-length HAEya1 or HA-Eya2 were synthesized in vitro using pHM6-Eya1 or pHM6-Eya2 as a template in a coupled transcription/translation system (Promega). Recombinant GST-Sipl1 and GST-Rbck1 fusion proteins or GST alone was purified and coupled to glutathione-agarose beads as described previously (56) .
For GST pulldown assays, the GST fusion proteins precoupled to agarose beads were resuspended in 100 l HB buffer (20 mM HEPES at pH 7.8, 100 mM KCl, 5 mM MgCl 2 , 0.5% NP-40) and 30 l of in vitro-translated HA-Eya1 or HA-Eya2. After incubation overnight at 4°C, the beads were washed in HB buffer. Proteins were eluted in 2ϫ Laemmli loading buffer, separated on a 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel, and analyzed by immunoblotting.
Coimmunoprecipitation. Cos-7 cells (1 ϫ 10 6 ) were seeded into 10-cm plates and transfected with the indicated expression constructs using SuperFect (Qiagen). To increase protein input, cells were treated with the proteasome inhibitor MG132 (1 M; Sigma) at 24 h posttransfection. The following day, cells were scraped in phosphate-buffered saline (PBS), collected by centrifugation (3,000 rpm, 5 min, 4°C), and lysed in 500 l HEPES lysis buffer (25 mM HEPES at pH 7.9, 0.5 mM EDTA, 150 mM NaCl, 0.5% NP-40). The lysate was cleared by centrifugation (10,000 rpm, 5 min, 4°C) and added to anti-HA 12CA5 antibody, which had been coupled to protein G-agarose (Calbiochem) previously. After incubation overnight at 4°C and being washed in lysis buffer, immunocomplexes were eluted by being boiled in 2ϫ Laemmli loading buffer. Samples were analyzed by 10% SDS-PAGE and immunoblotting.
RNA isolation and RT-PCR analysis. Total RNA obtained from mouse tissues or zebrafish embryos was isolated using the RNeasy minikit (Qiagen). An aliquot of the RNA (500 ng) was reverse transcribed into cDNA using SuperScript II RNase H Ϫ reverse transcriptase (RT) (Invitrogen) and random primers (Promega). The following primers were used for RT-PCR analysis: for mouse Eya1, for-TGGCCC TACCCCTTCCCCAC and rev-TGACAATCCACTTTCCGTCTT; for mouse Sipl1, for-CCTGTGTATGCCTGAACGAA and rev-AGAGGATCCCAAGCAC AGG; for mouse Rbck1, for-AACACGTCACTCAACCCACA and rev-CTGTTT CCGCTGCTGGTACT; for mouse Lim1, for-TCACCTCAACTGCTTCACCT and rev-CATCCTGCGATGGATCTTG; for mouse Tbp, for-GGCCTCTCAGAA GCATCACTA and rev-GCCAAGCCCTGAGCATAA.
In order to quantify the expression levels of Eya1, Sipl1, and Rbck1 in different mouse tissues, quantitative real-time RT-PCR (qRT-PCR) analysis was performed using SYBR green I nucleic acid gel stain (BioWhittaker Molecular Applications) and 1 M fluorescein calibration dye (Bio-Rad). The factor difference in expression of each of the analyzed genes was calculated according to the ⌬⌬CT (threshold cycle) method (26) , including normalization to expression of the housekeeping gene Tbp.
Luciferase reporter assay. Transfection of Cos-7 cells for the luciferase reporter assay was performed using Lipofectamine 2000 (Invitrogen). Cos-7 cells (1.5 ϫ 10 5 ) were seeded into 6-well dishes and transfected on the following day with 1 g pGL3-MEF3/TATA reporter construct, 1.6 g pHM6-Eya2, 0.4 g pCR3-Six4, and 1 g Flag-Sipl1 or Flag-Rbck1. To normalize for transfection efficiency, 0.05 g phRL-TK control plasmid was added to each sample. At 48 h posttransfection, cells were harvested, and luciferase activities were determined using the dual-luciferase reporter assay (Promega).
In situ hybridization analysis. Zebrafish embryos were obtained from matings of wild-type fish of the TüAB strain, which has been kept in laboratory stocks in Jena, Germany, for many generations. Embryos were raised at 28°C and staged according to Kimmel et al. (22) .
In situ hybridizations on 10-m paraffin sections of mouse or zebrafish embryos were performed essentially as described previously (32) . For double in situ hybridization, sections of the zebrafish head were incubated with a fluoresceinlabeled probe for eya1 and a digoxigenin-labeled probe for sipl1-rbck1. Fluorescein-labeled eya1 was detected using a sheep antifluorescein antibody coupled to alkaline phosphatase. Staining was developed using Fast Red (Roche). After staining, slides were washed twice in 0.1 M Tris-0.1% Tween, and antibody was stripped by incubation in 0.1 M glycine, pH 2.2, containing 0.1% Tween for 20 min. Subsequently, hybridization of the digoxigenin-labeled sipl1-rbck1 probe was detected as described previously (32) .
Whole-mount in situ hybridizations were performed as described by Hauptmann and Gerster (16) . The cDNA templates for the synthesis of digoxigeninlabeled riboprobes were amplified with the following primers: for mouse Sipl1, for-ACGTGAATTCATGTCGCCGCCCGCCGG and rev-ACGTCTCGAGCT AGTCGAGGAAGTGCACGCTG; for mouse Rbck1, for-CCCTCAGGGTGC AAGTAAAA and rev-CTCAAGGTGCTTCGGTTCTC; for zebrafish eya1, for-GGACTATCCTTCCTACCCGACG and rev-GTGGCAGCAGCGTGGAA VOL. 30, 2010 Sipl1 AND Rbck1 ARE Eya1-INTERACTING PROTEINS 5765 TCCG (23); for zebrafish sipl1, for-GTGGGCTCCGACTCTCTG and rev-GC ACAAACACTGAGAGATGATCC; for zebrafish sipl1-rbck1, for-AGTTTGGC AACACCTCCACA and rev-CAATTGTGGAGTGTGGGAAG; for zebrafish rbck1, for-TATGGCTTCCATCCGTCTCT and rev-TCCAGCATCTCTGTGG TCTG. The zebrafish probes are located within the coding regions of the respective mRNAs and correspond to aa 229 to 431 for Eya1, aa 23 to 239 for Sipl1, aa 113 to 248 for Sipl1-Rbck1, and aa 98 to 440 for Rbck1. Each cDNA fragment was cloned into pCRII-TOPO (Invitrogen), which was used as a template for in vitro transcription to generate probes in antisense and sense orientations. The riboprobe for mouse Eya1 was generated by HindIII digestion of pHM6-Eya1. The HindIII fragment was cloned into pBSK, which was used as a template for in vitro transcription. Injection of zebrafish embryos with morpholinos and Alcian Blue staining. Injections into zebrafish embryos were performed as described previously (36) . Briefly, morpholino antisense oligonucleotides (MO) (Gene Tools) were diluted to a concentration of 1 or 2 mM in water with 0.1% phenol red (Sigma) and injected into the yolks of 1-to 2-cell embryos. Morpholinos were directed against splice donor sites of the pre-mRNA. The morpholino sequences are as follows: for eya1, 5Ј-AAACAAAGATGATAGACCTACTTCC-3Ј (exon 10-intron 10) (23); for sipl1, 5Ј-AGGCCCTATGATATACCTGATGTCT-3Ј (exon 4-intron 4) and 5Ј-TATTTTGATCCTCCTACCTGCTGCT-3Ј (exon 5-intron 5); for sipl1-rbck1, 5Ј-CAAGTTGGACATTTACTCACCACAC-3Ј (exon 1-intron 1) and 5Ј-GCAGAAGAAATGCAAACCTCTGTGT-3Ј (exon 2-intron 2); and for rbck1, 5Ј-AATGCATTACCATCGATCTGCCTCT-3Ј (exon 5-intron 5) and 5Ј-AGAG GCATCAAGAGCAGCCATACTT-3Ј (translational start site).
In each case, knockdown efficiency was confirmed by RT-PCR analysis. For this, total RNA from 10 injected zebrafish embryos at 24 hours postfertilization (hpf) was isolated and reverse transcribed into cDNA as described above. The following primers were used: for zebrafish eya1, for-GGACTATCCTTCCTAC CCGACG and rev-GTGGCAGCAGCGTGGAATCCG (23); for zebrafish sipl1, for-ATGAGCTGCGTCTCCTCAAG and rev-GCACAAACACTGAGAGATG ATCC; for zebrafish sipl1-rbck1, for-TCGTTCAAATTTCGGTGTGA (exon 2-intron 2 MO) or for-TATACGGCCGCTATGTCTCC (exon 1-intron 1 MO) and rev-GGAGGTAGTCGCCCTTCTTC; and for zebrafish rbck1, for-TGAAT AAACCGACACGTCCA and rev-CATGATGGTGCCAAAACAAA. The identity of the resulting product was verified by cloning and sequencing in each case.
Alcian Blue staining of morpholino-injected zebrafish embryos was performed at 5 days postfertilization, according to the protocol by Walker and Kimmel (54) .
RESULTS

Sipl1 is a novel Eya1-binding protein.
In order to identify novel interaction partners of Eya1, we performed a yeast twohybrid screen, using the highly conserved C terminus of Eya1 as bait against a mouse embryonic cDNA library. Within this screen, we isolated 35 positives from approximately 2 ϫ 10 6 clones. Upon retransformation, 10 clones turned out to be true positives. One clone encoded a part of Six2, a well-established Eya1-interacting protein, thus confirming the validity of the screen. Another positive clone coded for a fragment of Sipl1 (aa 1 to 343). The Sipl1 protein consists of 380 aa and was previously described as an interaction partner of the Shank1 scaffolding protein in rat brain (25) . The C-terminal part of Sipl1 includes the following two conserved regions: a Ubl (ubiquitin-like) domain and a Ran-BP2 (Ran binding protein 2)-type zinc finger (ZnF) (Fig. 1A) . In order to confirm the interaction between Eya1 and Sipl1, we performed GST pulldown experiments using GST-Sipl1 as bait and in vitro-synthesized HA-tagged Eya1 as prey. We could detect binding of Eya1 to GST-Sipl1 but not to GST alone (Fig. 1B) , indicating a physical association between the two proteins in vitro. Furthermore, we verified the interaction in mammalian cells by coimmunoprecipitation. To this end, we transfected Cos-7 cells with expression constructs for HA-tagged Eya1 and Flagtagged Sipl1. As shown in Fig. 1C after precipitation of Eya1, we were able to detect coprecipitation of Sipl1 (Fig. 1C ).
Sipl1 interacts with Eya1 and Eya2 via its Ubl domain.
The C terminus of Eya1, which served as bait for the yeast twohybrid screen, contains the Eya domain. This domain is highly conserved in the Eya paralogs Eya2, Eya3, and Eya4. To address the specificity of the interaction, we tested whether Sipl1 can also interact with these paralogs using a yeast two-hybridbased approach. We were able to detect an interaction of Sipl1 with Eya1 and Eya2 but not with Eya3 and two alternative splice forms of Eya4 (Fig. 1D) .
To further characterize the Eya1-Sipl1 interaction, we narrowed down the binding sites using a yeast two-hybrid assay and different deletion fragments for each of the interaction partners. The strongest interaction with Eya1 could be observed with a Sipl1 fragment containing the whole Ubl domain and an additional 35 aa located N terminally of it (Fig. 1E) . Binding in this case was even stronger than with the full-length Sipl1 protein, which might be explained by different folding of the respective protein fragments. In the case of Eya1, we were not able to identify a subregion within the Eya1 C terminus, which mediates binding to Sipl1. Any deletion led to complete loss of interaction with Sipl1 (data not shown), suggesting that the whole Eya domain of Eya1 is required for the Sipl1 interaction or that subfragments of the Eya domain may not fold correctly.
Eya1 interacts with the Sipl1-related protein Rbck1. The Ubl domain of Sipl1, which has been shown to mediate the interaction with Eya1, is a conserved domain present in other proteins as well. One of those is Rbck1 (RBCC protein interacting with PKC1). In fact, the N terminus of Rbck1 is highly similar to the C terminus of Sipl1, including both conserved regions, namely, the Ubl and ZnF domains. The C terminus of Rbck1 contains a coiled-coil region and a RING-IBR (RING-in between RING) domain ( Fig. 2A) . Recently, it has been shown that Rbck1 acts as an E3 ubiquitin ligase (49, 60) . In addition to that, Rbck1 possesses a transactivation activity and functions as a transcriptional coactivator (7, 47) . Based on the fact that the Ubl domain shows a high degree of conservation between Sipl1 and Rbck1 (42% identity), we analyzed whether Rbck1 also interacts with Eya1. Therefore, we performed GST pulldown experiments and could show that Eya1 binds to Rbck1 in vitro (Fig. 2B) . Furthermore, by coimmunoprecipitation analysis, we were able to detect complex formation of Eya1 and Rbck1 in Cos-7 cells (Fig. 2C) .
Sipl1 and Rbck1 are coexpressed with Eya1 in several tissues of a mouse embryo. As a first step to address the functional relevance of the interactions of Eya1 with its novel interaction partners Sipl1 and Rbck1 in vivo, we performed expression studies. For this, we analyzed RNA from several tissues of a 13.5-day-old mouse embryo for expression of Sipl1, Rbck1, and Eya1 using RT-PCR and quantitative real-time RT-PCR ( Fig.  3A and B) . In line with already published data, we could detect Eya1 mRNA in multiple tissues during this stage of embryonic development, with the lowest expression level in the neural tube and the highest expression level in the kidney (approximately 70-fold compared to that in the neural tube) (Fig. 3B ) (58) . Furthermore, our analysis shows that at this stage of development, both Sipl1 and Rbck1 are ubiquitously expressed (Fig. 3A and B) . As an additional control for PCR specificity and cDNA quality, we have used Lim1, a gene that is expressed specifically in the brain and the kidney (13) . In situ hybridiza-tion analysis on transverse sections of the kidney region of a 13.5-day-old mouse embryo confirmed the results of the RT-PCR analyses, with ubiquitous expression of Sipl1 and Rbck1 as well as prominent Eya1 expression in the embryonic kidney (Fig. 3C) . In the latter, coexpression of Eya1, Sipl1, and Rbck1 could be observed in developing nephrons in the outer region of the kidney. The apparent differences in Eya1 expression when comparing the RT-PCR data with the in situ hybridization results can be attributed to the different sensitivities of the methods, as well as the fact that in situ hybridization is performed on a section that represents only a very specific area of the embryo. An additional site of Eya1 expression is the inner ear (62). We analyzed gene expression of Eya1, Sipl1, and Rbck1 on adjacent sections of the inner ear of a 14.5-day-old mouse embryo and found all three genes coexpressed in the otic epithelium and the spiral ganglion (Fig. 3D) .
Both Sipl1 and Rbck1 enhance the transactivation potential of the Eya-Six complex. The best understood function of Eya proteins is their role as coactivators for the Six-transcription factors. In fact, complex formation of Eya and Six proteins and subsequent activation of organ-specific genes are regarded to be essential for the development of various organs, such as the kidney, thymus, and muscle (17, 21, 57, 59) . In order to assess the effect of the two interaction partners Sipl1 and Rbck1 on 
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Sipl1 AND Rbck1 ARE Eya1-INTERACTING PROTEINS 5767 the function of Eya proteins as coactivators of transcription, we established a transactivation assay. Based on already reported data, we used a luciferase reporter construct containing 6 MEF3 (myogenic enhancing factor 3) sites in the background of a minimal TATA promoter, which can be efficiently activated by the complex of Eya2 and Six4 (10) . As shown previously, Sipl1 also interacts with Eya2 in the yeast two-hybrid assay, an activity that can be assumed for Rbck1 as well, since the binding regions of the two proteins are conserved. We indeed confirmed direct binding of both Sipl1 and Rbck1 to Eya2 by GST pulldown analysis (Fig. 4A ). In line with published data, we observed that Six4 alone activated the reporter to about 4-fold, and this activation was further enhanced to about 12-fold in the presence of Eya2. The presence of Sipl1 or Rbck1 did not influence transactivation by Six4 alone but enhanced transactivation by Eya2 and Six4 to about 16-fold, indicating that this effect is mediated via the interaction of Sipl1 and Rbck1 with Eya2 (Fig. 4B) . Identification of orthologs of Sipl1 and Rbck1 in zebrafish. Since our analysis had shown that Sipl1 and Rbck1 are expressed in multiple tissues in the embryo, we wanted to investigate a potential role of both genes during embryonic development. We therefore turned to zebrafish as a model system. By bioinformatic analysis, we were able to identify putative orthologs of Sipl1 and Rbck1 in zebrafish (Fig. 5A) . One of them, zebrafish sipl1, is located on chromosome 2 and is an ortholog of mouse Sipl1. This gene encodes a protein, which contains the conserved regions of the Ubl domain and of the Ran-BP-type ZnF in its C-terminal part. Furthermore, our analysis revealed zebrafish rbck1 on chromosome 22 to be an ortholog of mouse Rbck1, with the respective proteins sharing all the conserved domains, as follows: the Ubl domain, the Ran-BP-type ZnF, the coiled-coil region, and the RING-IBR domain. Interestingly, we identified a third ortholog on zebrafish chromosome 7, which we have named sipl1-rbck1, because it seems to be a fusion of both sipl1 and rbck1. According to our analysis, a sipl1-rbck1 ortholog is present in the genomes of other teleost fish species, such as stickleback and fugu, but not in higher vertebrates like mice or humans. An alignment of the minimal Eya1-binding region in mouse Sipl1 or Rbck1 to each of the identified zebrafish proteins revealed that zebrafish Sipl1 and Sipl1-Rbck1 are more closely related to mouse Sipl1 (50% identity in the case of Sipl1 and 49% identity in the case of Sipl1-Rbck1), whereas Rbck1 is more closely related to mouse Rbck1 (41% identity) within this region.
Coexpression of eya1 and the orthologs of Sipl1 and Rbck1 in developing zebrafish embryos. In zebrafish, eya1 expression has been described in several organs during embryogenesis, for example, the otic vesicle and the pharyngeal arches (41) . In order to investigate the expression pattern of each of the newly identified zebrafish orthologs of Sipl1 and Rbck1 during embryonic development, we performed whole-mount in situ hybridization using gene-specific probes at different stages of development.
In agreement with published data, we could detect eya1 expression in the otic vesicle, the region of the pharyngeal arches, and the lateral line organ (Fig. 5B) . In the case of sipl1, we observed a high level of expression in the zebrafish head at 35 hpf (hours postfertilization), with prominent expression in the brain, the eyes, the otic vesicle, and the pharyngeal arches. At later stages (48 and 72 hpf), sipl1 expression was still detectable in the same organs although decreasing in intensity.
In contrast to sipl1, expression of sipl1-rbck1 was more restricted during all developmental stages analyzed. At 35 hpf and 48 hpf, sipl1-rbck1 mRNA was detected in the otic vesicle and in a region in the zebrafish brain probably representing the midbrain-hindbrain boundary. In addition to that, at 48 hpf and 72 hpf, sipl1-rbck1 expression was detectable in the pharyngeal arches. In order to have a closer look at a potential coexpression of sipl1-rbck1 and eya1 in the otic vesicle, we performed in situ hybridization on transverse sections of the zebrafish head at 72 hpf (Fig. 5C) . We detected expression of sipl1-rbck1 and eya1 in an overlapping region corresponding to the sensory epithelium. Coexpression was confirmed by double in situ hybridization of the same section using probes against both genes simultaneously (Fig. 5D) .
Regarding rbck1, we were not able to detect expression at earlier stages of zebrafish development. However, at 72 hpf, we observed a specific signal for rbck1 mRNA in the pharyngeal arches, which was not present when we used the corresponding probe in sense orientation.
In summary, we have shown by whole-mount in situ hybridization that the orthologs of Sipl1 and Rbck1 are expressed in distinct but overlapping domains during zebrafish embryonic development. While sipl1 is expressed ubiquitously in the head of the zebrafish embryo, both sipl1-rbck1 and rbck1 show coexpression with eya1 in the otic vesicle and/or the region of the pharyngeal arches. The zebrafish orthologs of Sipl1 and Rbck1 are essential for craniofacial development. Mutations in the zebrafish eya1 gene have been shown to result in defects in the formation of the inner ear and the lateral line sensory systems during embryogenesis (23) . Furthermore, it has been demonstrated that microinjection of an eya1 morpholino complementary to the exon 10-intron 10 splice site in the eya1 primary mRNA phenocopies this mutant phenotype (23) . We reproduced the previ- VOL. 30, 2010 Sipl1 AND Rbck1 ARE Eya1-INTERACTING PROTEINS 5769
on June 27, 2017 by guest http://mcb.asm.org/ ously published results using the same eya1-specific morpholino and observed an abnormal morphology of the otic vesicle ( Fig. 6A and B) .
To address the question of whether the zebrafish orthologs of Sipl1 and Rbck1 are involved in developmental processes, we employed a morpholino-mediated knockdown approach. Morpholinos are chemically modified antisense oligonucleotides that prevent gene expression on two different levels. When targeting the translational initiation codon AUG, translation of the corresponding mRNA is inhibited. We have used an alternative strategy, namely, splice morpholinos that are directed against specific splice donor or acceptor sites. Possible consequences are the inclusion of an intron, the exclusion of an exon, or usage of an alternative splice site. In each case, generation of the normal mRNA is prevented. We designed two different morpholinos for each gene and tested them independently. In each case, the two morpholinos directed against the same gene showed identical and consistent phenotypes (Fig. 6 and data not shown) . In the following, results for only one of the gene-specific morpholinos are presented. Injection of a sipl1 morpholino directed against the splice donor site of intron 4 led to efficient knockdown of sipl1 expression via exclusion of exon 4 from the mRNA, leading to a frameshift and an early stop codon, as confirmed by sequencing (Fig. 6D) . In line with the above-described expression pattern of sipl1, knockdown of sipl1 gene expression resulted in a severe phenotype affecting the cranial structures of the embryo (Fig. 6C) . The head itself as well as individual organs, such as the eyes and the ears, were significantly smaller in size compared to those of noninjected control embryos. Furthermore, the brain appeared to be severely malformed. Thus, the observed sipl1 knockdown phenotype affects specifically those organs, which display high levels of sipl1 expression in the zebrafish head.
In contrast to sipl1, knockdown of sipl1-rbck1 using a morpholino targeting the splice donor site of intron 2 led to a milder phenotype affecting mainly the region of the pharyngeal arches and the developing ears of the zebrafish embryo (Fig. 6E ). We could show by RT-PCR analysis of injected embryos at 24 hpf that in the presence of the morpholino, cryptic splicing occurred 15 bp upstream of the natural splice site (Fig. 6F) . Interestingly, the observed sipl1-rbck1 knockdown phenotype resembled the morphology of BOR syndrome in human patients (29) . In sipl1-rbck1 morphants, the pharyngeal arches and the lower jaw, which is derived from the pharyngeal arches, were shortened. Staining of the cartilage using Alcian Blue at 5 days postfertilization revealed that the pharyngeal arches were reduced in number and disorganized compared to those of control embryos at the same age. Moreover, knockdown of sipl1-rbck1 inhibited proper ear development, in that the otic vesicle of sipl1-rbck1 morphants was smaller in size and that structures were not properly developed compared to those of control embryos. The sipl1-rbck1 knockdown phenotype resembles the expression pattern of the respective gene, with major expression in the otic vesicle and the pharyngeal arches, and is partly similar to the phenotype of eya1 knockdown embryos, affecting the developing ear (23) . Interestingly, rbck1 also seems to be involved in the development of the pharyngeal arches (Fig. 6G) . Knockdown of rbck1 by injection of a morpholino directed against the splice donor site of intron 5 resulted in a mild phenotype affecting only the development of the pharyngeal arches, including the lower jaw of the developing zebrafish embryo. Alcian Blue staining confirmed a high degree of disorganization in the pharyngeal arches, particularly in the first two, and an almost complete lack of arches 3 to 7 after knockdown of rbck1, similar to the results shown previously for sipl1-rbck1. We confirmed knockdown efficiency by RT-PCR analysis and showed that injection of the rbck1 morpholino inhibited splicing of intron 5, resulting in a premature stop codon (Fig. 6H) .
DISCUSSION
Eya1 is required for the development of several organs in vertebrates, including the kidney, ear, thymus, and muscle (14, 57, 59) . In addition to its activity as a phosphatase, Eya1 can also act as a transcriptional cofactor, together with interacting proteins, VOL. 30, 2010 Sipl1 AND Rbck1 ARE Eya1-INTERACTING PROTEINS 5771 e.g., of the Six and Dach families. In this work, we have identified Sipl1 and Rbck1 as two novel interaction partners of Eya1. Sipl1 was first described in the rat as an interaction partner of Shank1, a protein that functions as a scaffold factor in the formation and maintenance of postsynaptic densities (44) . However, Sipl1 is expressed not only in the brain but also in many other adult tissues, for example, in the heart, muscle, kidney, and spleen (25) . This is in line with our data that show Sipl1 expression in multiple tissues in the developing mouse embryo. Homologs of Sipl1 have been identified in the human and mouse, for which they have been implicated in enteric nervous system function (9) . Furthermore, recent studies indicated that mutations in the FIG. 6 . The zebrafish orthologs of Sipl1 and Rbck1 are essential for embryonic development. Expression of each of the orthologs was targeted by injection of splice donor site morpholinos into 1-to 2-cell embryos. Noninjected control embryos compared to embryos injected with morpholino directed against eya1 (A), sipl1 (C), sipl1-rbck1 (E), and rbck1 (G) are shown at the indicated stages (left). Arrows point to the region of the otic vesicle, and arrowheads point to the region of the pharyngeal arches. In the cases of eya1 and sipl1-rbck1, higher magnifications of the otic vesicles of control embryos and morpholino-injected embryos at 96 hpf are shown. Sipl1-rbck1-and rbck1-morphant embryos were subjected to Alcian Blue staining at 5 day postfertilization to visualize the pharyngeal arches. In each case, knockdown was confirmed by RT-PCR at 24 hpf (B, D, F, and H) using gene-specific primers, as indicated by black arrows. The bars in the diagrams mark the target sites for the respective morpholinos. The asterisk indicates a cryptic splice site.
mouse Sipl1 gene result in multiorgan inflammation, immune system dysregulation, and dermatitis (43) .
We have identified the Ubl domain in the C terminus of Sipl1 as the region that mediates binding to Eya1. Since the Ubl domain is a conserved domain, we proposed that other Ubl domain-containing proteins might also interact with Eya1. The N terminus of Rbck1, including the Ubl domain and a Ran-BP2-type zinc finger, is highly similar to the C terminus of Sipl1 and was previously considered to be an independent domain, termed the Rbck1 homology domain (25) . Based on the homology within this region, we have speculated that Rbck1 might also interact with Eya1 and could indeed demonstrate interaction of the two proteins.
Rbck1 belongs to the family of RING-IBR-containing proteins, which have been shown to possess E3 ubiquitin ligase activity (28) . In fact, Rbck1 has been described to act as an E3 ubiquitin ligase, mediating the degradation of several proteins, like IRP2 (iron regulatory protein 2), PKC (protein kinase C), Bach1, and TAB2/3 (TAK1-binding protein 2/3) (33, 51, 60, 61) . Based on our observation that Eya1 and Rbck1 can associate, one could therefore speculate that Eya1 itself or other Eya1-associated proteins might be subject to regulation by Rbck1-mediated ubiquitination.
Rbck1 also possesses transactivation activity (7) and has been shown to shuttle between the cytoplasm and the nucleus (48) . Eya proteins have been shown to act as coactivators in several transcriptional activation complexes, too. One of the best-studied examples is the Eya-Six complex, which has been demonstrated to mediate activation of gene expression during the development of a variety of organs in both invertebrates and vertebrates (2, 3, 17, 21, 46 ). Therefore, we tested whether Rbck1 and Sipl1 can also act as cofactors for the Eya-Six complex and could indeed show that both proteins could increase Eya-Six-mediated transactivation. This result provides a potential mechanistic basis for the role of Eya1 and its associated proteins in organ development. Moreover, Eya1 and Rbck1 share an interaction partner, CBP (CREB binding protein). CBP is a well-characterized coactivator that functions as a key integrator in various transcription-activating complexes (1). CBP has been described to act as a linker for the interaction between mammalian Eya and Dach proteins, thereby mediating target gene activation (20) . Strikingly, interaction with CBP has also been implicated in the regulation of Rbck1 transactivation function (48) . It is tempting to speculate that CBP is also part of the Eya1-Rbck1 complex and presumably involved in target gene activation.
Sipl1 and Rbck1 have been shown to be expressed ubiquitously in adult mammalian tissues (9, 25, 52) . However, expression and function of Sipl1 and Rbck1 during embryonic development has not been described yet. We show here that both Sipl1 and Rbck1 are expressed together with Eya1 in many tissues of a mouse embryo, which is in line with the hypothesis that the proteins act together during embryonic development. We underlined this assumption by the identification and functional characterization of zebrafish orthologs of Sipl1 and Rbck1. We identified not only one Sipl1 ortholog and one Rbck1 ortholog but also a gene which seems to represent a fusion of both, sipl1-rbck1. Using morpholino-mediated knockdown analysis, we could show that each of the zebrafish orthologs is involved in organogenesis. This is in line with the expression of each respective ortholog in the affected tissues. For example, zebrafish sipl1 is expressed in the brain region and essential for its proper development. Moreover, deficiency for both zebrafish sipl1-rbck1 and rbck1 leads to anomalies in the regions of the lower jaw and the pharyngeal arches. Also, knockdown of sipl1-rbck1 leads to anomalies in formation of the zebrafish ear. Interestingly, the development of the ears and the pharyngeal arches also depends on proper function of Eya1. It has been shown that eya1 directs ear development in zebrafish (23) . Moreover, in Eya1 knockout mice, several organs which are derived from the pharyngeal arches are malformed or even completely absent, such as the thymus, cranial skeleton, and middle ear. Furthermore, mutations in human EYA1 lead to BOR/BO syndrome, affecting mainly the cranial skeleton and the ear, including the inner, middle, and outer ear.
As described above, there is a remarkable overlap between the phenotypes of sipl1-, rbck1-, and sipl-rbck1-deficient zebrafish embryos and the characteristic symptoms of BOR and BO syndrome. The latter is caused by mutations in EYA1 but also in SIX1 and SIX5, as recently demonstrated (19, 40) . Since SIX1 and SIX5 encode interaction partners of Eya1, it is tempting to speculate that mutations in human SIPL1 or RBCK1 could also be associated with BOR syndrome.
In conclusion, we identified Sipl1 and Rbck1 as novel Eya1-interacting proteins and provided a first insight into the physiological importance of the respective interactions. Using the zebrafish model system, we showed that orthologs of Sipl1 and Rbck1 direct the development of several organs, for example, the ears and the pharyngeal arches, which also depend on expression of Eya1. On the molecular level, we showed that both Sipl1 and Rbck1 act as cofactors for the Eya-Six complex. Further experiments regarding the functional consequences of the interaction of Sipl1 or Rbck1 with Eya1 should clarify the importance of the respective interaction for vertebrate organogenesis.
